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• “Why are Dark Sectors a compelling 
opportunity for the next decade?” 

And how to think about their scope 

• “How do small and multi-purpose 
experiments across different experimental 
frontiers confront this landscape?” 

• Bridging the GeV-to-TeV Gap

Goals for This Talk
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Perspective in this talk informed by past community & planning 
workshops and my own interests – Snowmass is just beginning!

Key stories 
for RF6 this 
Snowmass

Valuable joint 
effort for RF6 
and EF9,10



What is a Dark Sector?
• Dark matter seems a strong hint of a dark sector 
• Natural framework for exploring new low-energy 

phenomena & anomalies
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New physics neutral under Standard Model forces



The Portals
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Illustrative example, 
simply compatible 
with predictive DM 
cosmology; 

Dark sector interactions with SM are  
restricted by SM gauge invariance

the so called hidden sector. Given the exceptionally low-couplings, a high intensity source
is necessary to produce them at a detectable rate: this can be astrophysical sources, or
powerful lasers, or high-intensity accelerator beams. The search for NP in the low-mass
and very low coupling regime at accelerator beams is what is currently called the intensity
frontier.

Hidden Sector particles and mediators to the SM can be light and long-lived. They
interact very weakly with SM fields that do not carry electromagnetic charge, like the Higgs
and the Z0 bosons, the photon and the neutrinos. They are singlet states under the SM
gauge interactions and the couplings between the SM and hidden-sector particles arise via
mixing of the hidden-sector field with a SM “portal” operator. In the following Section
we will present the generic framework for hidden sector portals along with a set of specific
benchmark cases that will be used in this document to compare the physics reach of a large
fraction of proposals presented within this study.

2.1 Hidden Sector portals

The main framework for the BSM models, the so-called portal framework, is given by the
following generic setup (see e.g. Refs. [21–23]). Let OSM be an operator composed from the
SM fields, and ODS is a corresponding counterpart composed from the dark sector fields.
Then the portal framework combines them into an interaction Lagrangian,

Lportal =
ÿ

OSM ◊ ODS. (2.1)

The sum goes over a variety of possible operators and of di�erent composition and dimension.
The lowest dimensional renormalisable portals in the SM can be classified into the following
types:
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Here, F Õ
µ‹ is the field strength for the dark photon, which couples to the hypercharge

field, Bµ‹ ; S is a new scalar singlet that couples to the Higgs doublet, H, with dimensionless
and dimensional couplings, ⁄ and µ; a is a pseudoscalar axion that couples to a dimension-4
diphoton, di-fermion or digluon operator; and N is a new neutral fermion that couples to
one of the left-handed doublets of the SM and the Higgs field with a Yukawa coupling yN .

According to the general logic of quantum field theory, the lowest canonical dimension
operators are the most important. All of the portal operators respect all of the SM gauge
symmetries. Even the global symmetries are kept in tact with the only exception being the
(accidental) lepton number conservation if the HNL is Majorana. The kinetic mixing and

– 8 –

Dark photon and Higgs inherit SM flavor structure (QEM / YL,U,D), 
Axion and Neutrino portals have explicit flavor structure



How Dark Is It?
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Origins of Small Couplings and Masses

A0 γ 

XA0 γ 

gSM ⇠ (10�6 � 10�2)e

• Some portal interactions 
are further suppressed by 
small Yukawas

Given small couplings, valuable to consider   
sub-weak-scale masses – comparable to electron  
and proton masses (and in some cases even lighter)

Small couplings are generic if portal interactions generated 
radiatively



What is a Dark Sector?
• Dark matter seems a strong hint of a dark sector 
• Natural framework for exploring new low-energy 

phenomena & anomalies
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New physics neutral under Standard Model forces

Mass

Interaction 
strength

Need Energy

Need
Intensity, 
Sensitivity, 
Lifetime, … Core physics of RF6



Dark Matter from a Dark Sector
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Weakly coupled new force can  
nicely produce thermal abundance  
of light DM 

Force-carrier can have other interesting 
signals (both accelerator and cosmic)

An example of a simple & exciting benchmark model

gW gSMgW gSM

DM

DM
Vanilla WIMP Hidden-Sector DM

gD ϵ e

DM

new force



Many Faces of Dark Sectors

 8

𝛘
𝛘

γ
π0,η0

p

p +…

People & facilities  
naturally organize  
by initial-state… 

Theories  
naturally organize  
by intermediate- 
state “portals”

Science case 
naturally aligned 
with whether  
final-state is SM, 
non-SM, or mixed

All three axes are important, both in 
mapping the physics and understanding 

detector design and capabilities.

x x



The Final-State Axis
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Dark Matter 
Production

Portal-Mediator  
Decays to SM

Structure of
the Dark Sector

Producing stable  
particles that could  
be (all or part of)  
the Dark Matter

Systematically 
explore the minimal 
couplings of SM to  
  dark sectors

There could be a  
rich sector of new  
physics under our 
noses

These 3 possibilities are well aligned with what makes  
dark sectors viscerally exciting!

𝛘
𝛘

γ
π0,η0

p

p +…

“Once you get in to  
the dark sector, what 
do you look for?”

non-SM SM mixed



Dark Sectors <2020
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• Many grassroots workshops since ~2009: 
• Dark Forces and Dark Sectors @ SLAC,  

Dark Interactions @ BNL, DM at Accelerators in Italy 
• Significant momentum in last few years on community-wide 

planning in small experiments relevant to dark matter,  
including accelerator searches for dark sectors

US Cosmic Visions: New Ideas in Dark Matter 2017 :
Community Report

Marco Battaglieri (SAC co-chair),1 Alberto Belloni (Coordinator),2 Aaron Chou (WG2
Convener),3 Priscilla Cushman (Coordinator),4 Bertrand Echenard (WG3 Convener),5

Rouven Essig (WG1 Convener),6 Juan Estrada (WG1 Convener),3 Jonathan L. Feng
(WG4 Convener),7 Brenna Flaugher (Coordinator),3 Patrick J. Fox (WG4 Convener),3

Peter Graham (WG2 Convener),8 Carter Hall (Coordinator),2 Roni Harnik (SAC
member),3 JoAnne Hewett (Coordinator),9, 8 Joseph Incandela (Coordinator),10 Eder

Izaguirre (WG3 Convener),11 Daniel McKinsey (WG1 Convener),12 Matthew Pyle (SAC
member),12 Natalie Roe (Coordinator),13 Gray Rybka (SAC member),14 Pierre Sikivie
(SAC member),15 Tim M.P. Tait (SAC member),7 Natalia Toro (SAC co-chair),9, 16

Richard Van De Water (SAC member),17 Neal Weiner (SAC member),18 Kathryn
Zurek (SAC member),13, 12 Eric Adelberger,14 Andrei Afanasev,19 Derbin Alexander,20

James Alexander,21 Vasile Cristian Antochi,22 David Mark Asner,23 Howard Baer,24

Dipanwita Banerjee,25 Elisabetta Baracchini,26 Phillip Barbeau,27 Joshua Barrow,28

Noemie Bastidon,29 James Battat,30 Stephen Benson,31 Asher Berlin,9 Mark Bird,32 Nikita
Blinov,9 Kimberly K. Boddy,33 Mariangela Bond̀ı,34 Walter M. Bonivento,35 Mark

Boulay,36 James Boyce,37, 31 Maxime Brodeur,38 Leah Broussard,39 Ranny Budnik,40 Philip
Bunting,12 Marc Ca↵ee,41 Sabato Stefano Caiazza,42 Sheldon Campbell,7 Tongtong Cao,43

Gianpaolo Carosi,44 Massimo Carpinelli,45, 46 Gianluca Cavoto,22 Andrea Celentano,1 Jae
Hyeok Chang,6 Swapan Chattopadhyay,3, 47 Alvaro Chavarria,48 Chien-Yi Chen,49, 16

Kenneth Clark,50 John Clarke,12 Owen Colegrove,10 Jonathon Coleman,51 David Cooke,25

Robert Cooper,52 Michael Crisler,23, 3 Paolo Crivelli,25 Francesco D’Eramo,53, 54 Domenico
D’Urso,45, 46 Eric Dahl,29 William Dawson,44 Marzio De Napoli,34 Ra↵aella De Vita,1

Patrick DeNiverville,55 Stephen Derenzo,13 Antonia Di Crescenzo,56, 57 Emanuele Di
Marco,58 Keith R. Dienes,59, 2 Milind Diwan,11 Dongwi Handiipondola Dongwi,43 Alex
Drlica-Wagner,3 Sebastian Ellis,60 Anthony Chigbo Ezeribe,61, 62 Glennys Farrar,18

Francesc Ferrer,63 Enectali Figueroa-Feliciano,64 Alessandra Filippi,65 Giuliana Fiorillo,66

Bartosz Fornal,67 Arne Freyberger,31 Claudia Frugiuele,40 Cristian Galbiati,68 Iftah
Galon,7 Susan Gardner,69 Andrew Geraci,70 Gilles Gerbier,71 Mathew Graham,9 Edda
Gschwendtner,72 Christopher Hearty,73, 74 Jaret Heise,75 Reyco Henning,76 Richard J.
Hill,16, 3 David Hitlin,5 Yonit Hochberg,21, 77 Jason Hogan,8 Maurik Holtrop,78 Ziqing

Hong,29 Todd Hossbach,23 T. B. Humensky,79 Philip Ilten,80 Kent Irwin,8, 9 John Jaros,9

Robert Johnson,53 Matthew Jones,41 Yonatan Kahn,68 Narbe Kalantarians,81 Manoj
Kaplinghat,7 Rakshya Khatiwada,14 Simon Knapen,13, 12 Michael Kohl,43, 31 Chris

Kouvaris,82 Jonathan Kozaczuk,83 Gordan Krnjaic,3 Valery Kubarovsky,31 Eric Kuflik,21, 77

Alexander Kusenko,84, 85 Rafael Lang,41 Kyle Leach,86 Tongyan Lin,12, 13 Mariangela
Lisanti,68 Jing Liu,87 Kun Liu,17 Ming Liu,17 Dinesh Loomba,88 Joseph Lykken,3 Katherine
Mack,89 Jeremiah Mans,4 Humphrey Maris,90 Thomas Markiewicz,9 Luca Marsicano,1 C.
J. Marto↵,91 Giovanni Mazzitelli,26 Christopher McCabe,92 Samuel D. McDermott,6 Art
McDonald,71 Bryan McKinnon,93 Dongming Mei,87 Tom Melia,13, 85 Gerald A. Miller,14

Kentaro Miuchi,94 Sahara Mohammed Prem Nazeer,43 Omar Moreno,9 Vasiliy Morozov,31

Frederic Mouton,61 Holger Mueller,12 Alexander Murphy,95 Russell Neilson,96 Tim
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Cosmic Visons community 
workshop 2017 (~mini-Snowmass)
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workshop 2017 (~mini-Snowmass)

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Summary of the High Energy Physics Workshop on Basic Research 
Needs for Dark Matter Small Projects New Initiatives 

October 15 – 18, 2018 
 

Basic Research Needs (BRN) 
workshop 2018: non-FACA panels 
charged by DOE with identifying 
priority science (not projects) in 
Dark Matter scope, achievable 
with small US-based experiments



BRN Priority Research Directions
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PRD 1

PRD 2

PRD 3

Success!
Experiments in all 3 PRDs received 
planning funds through 2019 FOA



BRN Priority Research Directions
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PRD 1

PRD 2

PRD 3

Success!
Experiments in all 3 PRDs received 
planning funds through 2019 FOA

Thrust 1 (near term): 
Through 10- to 1000-fold 
improvements in sensitivity 
over current searches, use 
particle beams to explore 
interaction strengths 
singled out by thermal dark 
matter across the electron-
to-proton mass range.  

Thrust 2 (near and long 
term): Explore the structure 
of the dark sector by 
producing and detecting 
unstable dark particles. 



Dark Matter 
Production

Portal-Mediator  
Decays to SM

Structure of
the Dark Sector

BRN report featured DM-motivated examples of each, emphasizing exciting 
near-term opportunities for dark photon portal

e+,..

e–

e+

e–,..

e+
e–

𝛘2

𝛘1e–

e+
𝛘1

e.g. inelastic DM, 
SIMP cascades, …

Neutrino-portal  
thermal DM

Scalars 
(including secluded  
DM motivation),  
ALPs, NHLs

2
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A) ⇡
0 production B) dipole portal C) ⇡

0 impostor

FIG. 1. The KL decay to an arbitrary neutral sector (X1 and X2), followed by their subsequent decay in three di↵erent
scenarios. Pair production takes place via a heavy mediator shrunk to a point in the diagrams. For ⇡

0 production, we propose
two scenario: FCNC via new mediators and a long-distance �S = 1 transition followed by a flavor diagonal coupling to a new
mediator.

in some models the following signature is promising:

KL ! X1 + X2 (3)
& �� + X1,

Finally, both particles can be unstable, giving a single photon in the decay,

KL ! X2 + X2 (4)
& X1 + �& X1 + �.

The main question for us to study is the following: could some minimal models of dark sector lead to the above
signature, so that one should expect the decays of KL - as opposed to the decays of K± and B mesons - be the
leading probe of such models?

In this paper we show that the answer to this question is a�rmative, and present several scenarios, based on vector
and scalar portal models, that lead to measurable rates of KL decays, exceeding the SM rate for KL ! ⇡0⌫⌫, while
evading the bounds from collider, beam dump, and flavor probes. The topologies we consider are shown in Fig. 1,
where typically a new heavy portal particle can be integrated out and mediates KL ! X1X2 production from either
SM-like flavor changing neutral current (FCNC) couplings or via flavor diagonal couplings attached to long distance
�S = 1 operators. The new FCNC couplings are built using minimal flavor violation (MFV) ansatz, where all sources
of flavor change originates from the SM Yukawa matrices (see e.g. [11]). The MFV framework also allows to connect,
in most models, X1 � X2 � ⇡0 vertex with the corresponding vertex of ⌘ meson, resulting in the new decay channels,
⌘ ! X1X2. Subsequent decay of X2 away from the production point puts strong constraints on these models from
the results of the beam dump searches at highest energies. We also show that for models responsible for processes
(2) and (4) the lightest of two dark states, X1, can be stable, and therefore contribute to dark matter. However, this
typically requires additional components to such models, that are not probed directly by K and B physics.

Our paper is inspired, in part, by a recent report by the KOTO collaboration that faces four unexplained events after
unblinding their data, at the level much larger than the SM neutrino channel, which prompts theoretical investigations
of beyond-SM (BSM) physics that may lead to such a signature. Many recent studies have appeared, where the focus
has been primarily on KL decays to pion plus new invisible particles [12–20]. Other recent alternatives include new
particles produced at the target that decay to �� inside the KOTO detector [12], direct KL decay to �� plus invisible
states [21], and heavy new physics operators with flavor violation or �I = 3/2 structure [12, 22–24]. In this work we
take a di↵erent approach and address whether the processes (2), (3), and (4) could be behind KOTO events, passing
all the experimental requirements including the distribution over transverse momentum pT . This di↵ers from previous
studies due to the complete annihilation of KL to a dark sector, creating new avenues to fake KL ! ⇡0 /E signatures.

Another strong motivation for us is the upcoming ultra-high luminosity Belle II experiment [25], where significant
progress with measurements of B meson decays accompanied by missing energy is expected. Given that our models
are built using the MFV framework, direct connection between K and B meson decays can indeed be established.

This paper is organized as follows: in the next section we give a brief overview of experimental situation regarding
the neutrino pair production decays of the charged and neutral K and B mesons. In Section III, we construct
s � d � X1 � X2 and b � s � X1 � X2 amplitudes that result from a simple vector and Higgs portal models. In section
IV, we calculate observable consequences for meson decays, including the pT distributions of photons in KOTO setting,
and constrain parameters of these models. We also analyze the suitability of these models as an explanation of KOTO
events, including the overall rate and the distribution over pT . In Section V, we construct explicit models, where the
lightest of the two particles, X1, is in fact the dark matter, passing all existing constraints. We reach our conclusion
in Section VI.

+Millicharges

motivated by  
KOTO anomaly

Final-State organization also applies to other portals, facilities, and  
motivations [a few examples below, far from exhaustive!]

BRN and Final States

BRN Thrust 1 BRN Thrust 2



BRN ➝ Snowmass
• PRD thrusts reflect the compromise between 

wanting to explore everything and needing to 
identify highlights if anything is going to get funded 

• BRN charged to focus on small experiments and 
US facilities (and dark matter) – Snowmass RP6 
must enlarge scope, should maintain BRN’s 
momentum 
– Expanding list of “high-value” targets – finite, 

motivated, and accessible destinations in benchmark 
landscape – may be one way to do this. 
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• “Why are Dark Sectors a compelling 
opportunity for the next decade?” 

• “How do small and multi-purpose 
experiments across different experimental 
frontiers confront this landscape?” 

• Bridging the GeV-to-TeV Gap

Goals for This Talk

 14

Perspective in this talk informed by past community & planning 
workshops and my own interests – Snowmass is just beginning!

Key stories 
for RF6 this 
Snowmass

Valuable joint 
effort for RF6 
and EF9,10



Rare & 

Precision Energy

Neutrino

Dark 
Sectors

Dark Sectors Are Everywhere

Takeaway: The physics doesn’t align by facility/frontier*!  
*except maybe Higgs portal λ coupling  
RF6 seeks engagement from everyone studying this 
physics at ANY accelerator-based facility, and aims to build 
a comprehensive report.  Please join us!
Liaisons are there to facilitate [not replace] involvement.



Why Intensity?
• Physics crosses frontiers, but also cares about details!  

Low- and high-energy experiments, as well as small and 
multi-purpose experiments, complement each other 
because they have different strengths. 
– Given structure of this meeting, I felt obliged to include a primer 

for LHC-based physicists on some of the things experiments at 
smaller and/or lower-energy facilities can do especially well. 

For simplicity I take most examples from dark matter; Maxim 
will emphasize flavor probes. 

– This is only half the story.  And recent ideas for finding similar 
conditions, often with some advantages, in Energy Frontier 
environments are very exciting!
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High Luminosities

• e.g. 1020  (1023) protons on target at MiniBooNE (COHERENT) 
– Typical proton travels 10s of cm through the dump ➝ luminosities 

at the level of 104–107 ab-1 

– Similar story for electron beam dumps, w/ distinct shielding, 
background, detector size trade-offs 

• This extreme luminosity allows searches for signals with 
inherently tiny efficiency like dark matter scattering in 
downstream detector. 
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4

lium target, and into a cooling air gap (which is inside
the neck of the aluminum horn). After leaving the horn
the protons enter the air-filled decay pipe, and finally
reach the beam dump located 50m downstream of the
target location, as illustrated in Fig. 5. Running in this
mode reduces the number of charged mesons that are
generated in the thin beryllium target.

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 5. The production of dark matter in o↵-target run-
ning [19].

The charged mesons that are produced in a thin target
will escape and produce decay-in-flight neutrinos, while
within the beam dump, the charged mesons are absorbed
or decay-at-rest within a few radiation lengths, as illus-
trated in Fig. 6. This is in comparison with neutral

Thin
Target

Beam

⇡0
�

⇡0
�

⇡±
⌫

⇡± ⌫

Decay-in-flight due to
short life time

Decay-in-flight after
leaving target

Thick
Target

Beam

⇡0
�

⇡0
�

⇡±
⇡±

Decay-in-flight due to
short life time

Absorbed or decay-
at-rest) reduced neu-
trino flux

FIG. 6. (top) Production of dark matter and neutrino when
the beam hits a thin target. (bottom) The production of dark
matter and suppression of neutrino generation when the beam
hits a thick target.

mesons that will decay-in-flight due to their short life-
times. The neutral mesons could decay into a dark pho-
ton which would then decay into two dark matter par-
ticles, as shown schematically in Fig. 5. The horn was
turned o↵ during this run so no charged particles gen-
erated would be (de)focused. For the rest of this paper,

this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beamline.
The decay pipe and beam dump are buried in crushed

aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another 26
inches of steel in the beam direction. A detailed study of
the neutrino flux coming from the BNB in on-target mode
seen in the MiniBooNE detector using theGEANT4 [32]
simulation package BooNEG4Beam can be found in
Ref. [33]. On-target running consisted of neutrino, and
anti-neutrino modes. The simulations were updated to
study the o↵-target beam configuration and are described
below.

A. Beam O↵-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux �⌫ by less than a percent but are important for the
o↵-target beam configuration. Fig. 7 shows a schematic
of the beamline geometry around the target, pointing out
the materials that were added. An aluminum window at

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the o↵-target simula-
tion. The added materials change the neutrino-mode flux by
less than a percent.

the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two

arXiv:1807.06137



Secondary Beams
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Figure 10. Both plots: filled areas: 90%-CL excluded regions from past experiments (cf. [7, 38]);
contours: projected 90%-CL exclusion capability at present or future experiments. Left: Excerpt
of the limit plot as in Fig 1 but with updated CHARM region (brown): including PFP and ⇡0

contributions from XF bins 5–6, magenta dashed contour: PFP alone). In addition we show three
projections for NA62 at 1.3 ⇥ 1016 POT (1 day): Black dashed: PFP alone, red solid and blue
dotted: Yield from ⇡0 in using XF bins 5–6 and 0–7, respectively. Right: projections for NA62 at
1 ⇥ 1018 POT, as well as SHiP and SeaQuest (Phase I) at 1 ⇥ 1020 POT and 1.44 ⇥ 1018 POT,
respectively. We have checked that the MC statistical uncertainty is negligible compared to the
uncertainties of the PYTHIA/data agreement (see Section 2).

However, as we will see is the next subsection, the inclusion of the meson contribution,
drastically changes the prospect sensitivity for forthcoming searches.

4.2 Current and future set-ups

The NA62 experiment [40] has been built to achieve a precise measurement of the ultra-rare
decay K+

! ⇡+⌫⌫̄. Besides its main goal, NA62 has a rich program to search for exotic
particles, including long-lived particles that can be produced in the up-stream copper beam
collimator, into which the primary SPS proton-beam is fully (in dump-mode) or partially
(in standard, parasitic data-taking) dumped (see, e.g. [62] for more details).

To be sensitive to a fully neutral final state, NA62 has to be run in beam-dump-mode.
In our MC, we model NA62 using the following parameters: The distance between the
beam-defining collimator (used to dump the beam) and the start of the fiducial volume is
d = 82m and the vacuum decay region before the Liquid Krypton Calorimeter (LKr) is
l = 135m long. In addition, we require the following acceptance conditions: Both photons
produced in the ALP decay need to be detected at a minimum mutual distance of 10 cm in
the LKr. Moreover, these photons need to be 15 cm away from the LKr central hole and
their combined energy needs to be above 3GeV. The target material for NA62 is copper
and we show NA62 prospects for two different choices of POT.

In Figure 10 (l.h.s.) we show the sensitivity for NA62 at 1.3⇥1016 POT (corresponding
to a one-day run), using (purple dashed) PFP only, using the full XF range (bins 0–7, blue

– 16 –

1904.02091 Döbrich,Jaeckel, Spadaro 
ALPs from secondary photons

Collimated showers of secondary particles can seed reactions for which 
primary beam particle has insufficient coupling

1804.00661 Berlin, Gori, Schuster, NT  
leptophilic Higgs from secondary muons



Near, Forward Detectors
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Excellent for low-mass 
displaced vtx sensitivity 
LHCb VELO enables 
similar idea at LHC, 
hugging beam

p beam: DarkQuest/LongQuest/SpinQuest

e beam: HPS

Unique capability to 
“image” individual beam 
particles for DM search a 
la NA64, LDMX

rely on low bunch charge  
⇒ motivates high repetition rate



Friendlier Environment for 
Low-Energy Final-States

• Belle-II inelastic DM 
production search 
[1911.03176] exploits 
O(50 MeV) energy & 
pair-mass thresholds  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Belle II Detector (Torben Ferber) �5

χ1χ2

γ

χ1

e+
e-

Vertex detector

Drift chamber

Calorimeter

Muon system

Figure 4: Schematic view of the Belle II detector (xy-plane) and example displaced sig-

nature.

3.4.1 Backgrounds

SM processes can produce a (displaced) lepton or meson pair, a hard photon, and miss-

ing energy only if particles are out of the detector acceptance or if secondary processes

contribute. We consider the following backgrounds, where non-reconstructed particles are

given in parentheses:

1. Direct radiative lepton and meson pair production with two additional initial or final

state radiation photons (e+
e
�

! e
+
e
�
�(�), e

+
e
�

! µ
+
µ
�
�(�), e

+
e
�

! ⇡
+
⇡
�
�(�)),

where one of the photons is out of the detector acceptance,

2. photon conversion � ! e
+
e
� from direct radiative electron pair production (e+

e
�

!

(e+
e
�)��) where both primary electrons are out of detector acceptance, or from

radiative photon pair production (e+
e
�

! ��(�)) where one photon is out of accep-

tance,

3. meson decays, e.g. e
+
e
�

! ��, � ! K
0
S(K0

L), K0
S ! ⇡

+
⇡
�.

Since the cross section of radiative Bhabha scattering is orders of magnitude larger

than muon- or pion-pair production, we assume that e
+
e
�

! e
+
e
�
� and e

+
e
�

! ��� are

the dominant backgrounds.

Unlike searches in high multiplicity hadronic events [65], we expect negligible back-

ground from wrong track combinations that could fake displaced signatures.

3.4.2 Event selection

The strongest background rejection can be achieved by requiring a displaced vertex. We

assume that the Belle II detector can be split into five di↵erent regions in the azimuthal
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Figure 5: Sensitivity of Belle II to the parameter space of inelastic DM for an integrated

luminosity of 20 fb�1 for mA0 = 3m�1 .

We make the following observations: For small mass splitting �, corresponding to

large decay length of �2 the bound from BaBar and the projected sensitivity of the mono-

photon search at Belle II are very similar to the ones obtained for invisibly decaying dark

photons, because the �2 simply escapes from the detector before decaying. As soon as the

decay length of the �2 becomes comparable to the size of the detector, the sensitivity of

these searches is significantly suppressed. Note that the bound does however not disappear

entirely even for very short-lived �2. The reason is that there always is a non-zero prob-

ability that the particles produced in the �2 decay have very little transverse momentum

(i.e. they travel in the direction of the beam pipe) and will not be reconstructed, so that

the event resembles a single-photon event. The BaBar bound that we obtain is therefore

considerably stronger than the one from Ref. [27], where no requirement on the angle ✓lab

of the vertex is imposed.
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Rest of the RF6 program + plans
We will have 5 short talks on future experimental probes of light dark sectors:

This is a very small sample of experiments.

For a broader overview: RF6 kickoff meeting, week of August 10 (date still TBD). 
Stay tuned!


Also please sign up in our mailing list: SNOWMASS-RPF-06-DARK-SECTOR@fnal.gov

and join our slack channel.

More details at https://snowmass21.org/rare/dark

Contacts: Stefania Gori (sgori@ucsc.edu), Mike Williams (mwill@mit.edu)

mailto:SNOWMASS-RPF-06-DARK-SECTOR@fnal.gov
https://snowmass21.org/rare/dark
mailto:sgori@ucsc.edu


• “Why are Dark Sectors a compelling 
opportunity for the next decade?” 

• “How do small and multi-purpose experiments 
across different experimental frontiers confront 
this landscape?” [IF-centric piece] 

• Bridging the GeV-to-TeV Gap:  
“The whole is greater than the sum of  
  its parts”

Goals for This Talk

 22

Key stories 
for RF6 this 
Snowmass

Valuable joint 
effort for RF6 
and EF9,10



Putting it together
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Observed
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[arXiv:1909.04114]
)-1 (77 fbBoosted dijet

[arXiv:1802.06149]
)-1 (19.7 fbDijet w/ btag

[arXiv:1911.03761]
)-1 (18.3 fbDijet w/ ISR j

[arXiv:1911.03947]
[arXiv:1806.00843]

)-1 (35.9-137 fbDijet

[arXiv:1712.02345]
)-1 (35.9 fbDM + j/V(qq)

[arXiv:1810.00196]
)-1 (35.9 fbγDM + 

[arXiv:1711.00431]
)-1 (35.9 fbDM + Z(ll)

 DM = 2 x mMedM

 0.12≥ 2 hcΩ

Light DM with thermal origin via Vector Portal
[ATLAS/CMS versus other accelerator-based exps]

ATLAS/CMS
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Gaia Lanfranchi DM@LHC slides



Putting it together
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[collider-based exps versus fixed-target/beam dump]
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Current status

R. Coelho Lopes de Sa’ talkGaia Lanfranchi DM@LHC slides

Scouting searches are exploring the gap between 
prompt light-Aʹ and heavy-Z ʹ searches



Putting it together

• This is an important story to tell.  It crosses working group 
boundaries in physics mass scale as well as facility

• There’s more to the story: 
– Long-lived searches 

– Scalars 

– Neutral Heavy Leptons 

– Dark Matter

 25

Scouting searches are exploring the gap between 
prompt light-Aʹ and heavy-Z ʹ searches

In addition to devising 
own benchmarks, EF 
and RF groups benefit 
from identifying common 
ones!



Putting it together: DM
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting

Complementarity of DM experiments

16

16

Comparisons are possible only in the context of a model 
Essential to fully specify model/parameters and be aware of limitations

Wikipedia/NASA

LHC Dark Matter Working Group 
https://arxiv.org/abs/1603.04156

For more thoughts on upper bounds to collider sensitivity:  
arXiv:1810.07705 and DMWG meeting June 2017

How do we compare results of different experiments  
in the most model independent way possible? 

Complementarity of colliders with direct (indirect) detection  
performed within the chosen benchmark models & parameters

European Strategy  
”big question”

See talk by T. Tait

• ≲10 GeV DM is a range where energy frontier 
constraints are particularly powerful

...but also contingent on heavy, 
strongly-coupled mediator

LHC

Direct detection



Putting it together: DM
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• ≲10 GeV DM is a range where energy frontier 
constraints are particularly powerful

…but also contingent on heavy, 
strongly-coupled mediator[Fox, Harnik, Primulando, Yu 1203.1662]

Note σSI~𝛬–4

Large coupling ➝ DM 
produced efficiently 

High mass ➝ higher 
MET than background

Low DM yield, kinematics 
is background-like

Dedicated effort towards improved 
low-coupling sensitivity is ongoing



Putting it together: DM
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• Low-energy accelerator-based searches often face 
complementary criticism that they rely on kinematically 
accessible mediator.  This is not entirely true…

Plot from 2003.03379  

sensitivity to production 
of DM through 
inaccessible mediator

BUT…energy-frontier 
searches do best for 
large mediator masses



The Whole is Greater than 
the Sum of its Parts
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• When the low- and high-mass focused physics join 
without gaps, considering both together allows a more 
powerful, robust scientific conclusion than considering 
them separately. 

• The combination is even more important in the opposite 
case – it’s hard to fill a gap you don’t see.

we need to figure out combinations



• Dark Sectors represent a broad arena for new physics, with 
dark matter as powerful motivation; much is unexplored;  
bounded, reachable and motivated regions of parameter-
space represent exciting directions for near-term experiments. 

• Next steps 

– Expand on the success of the BRN in framing this motivation, 
broadening scientifically  

– Refine the story of how different types of experiments complement 
each other in this effort 

– Working with EF9 & 10 to bridge the GeV-to-TeV Gap 

– Continue identifying new opportunities

Conclusion

 30



Rest of the RF6 program + plans
We will have 5 short talks on future experimental probes of light dark sectors:

This is a very small sample of experiments.

For a broader overview: RF6 kickoff meeting, week of August 10 (date still TBD). 
Stay tuned!


Also please sign up in our mailing list: SNOWMASS-RPF-06-DARK-SECTOR@fnal.gov

and join our slack channel.

More details at https://snowmass21.org/rare/dark

Contacts: Stefania Gori (sgori@ucsc.edu), Mike Williams (mwill@mit.edu)
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